Detailed global plate motion models that provide a continuous description of plate boundaries through time are an effective tool for exploring processes both at and below the Earth's surface. A new generation of numerical models of mantle dynamics pre-and post-Pangea timeframes requires global kinematic descriptions with full plate reconstructions extending into the Paleozoic (410 Ma). Current plate models that cover Paleozoic times are characterised by large plate speeds and trench migration rates because they assume that lowermost mantle structures are rigid and fixed through time. When used as a surface boundary constraint in geodynamic models, these plate reconstructions do not accurately reproduce the present-day structure of the lowermost mantle. Building upon previous work, we present a global plate motion model with continuously closing plate boundaries ranging from the early Devonian at 410 Ma to present day. We analyse the model in terms of surface kinematics and predicted lower mantle structure. The magnitude of global plate speeds has been greatly reduced in our reconstruction by modifying the evolution of the synthetic Panthalassa oceanic plates, implementing a Paleozoic reference frame independent of any geodynamic assumptions, and implementing revised models for the Paleozoic evolution of North and South China and the closure of the Rheic Ocean. Paleozoic (410-250 Ma) RMS plate speeds are on average ∼8 cm/yr, which is comparable to Mesozoic-Cenozoic rates of ∼6 cm/yr on average. Paleozoic global median values of trench migration trend from higher speeds (∼2.5 cm/yr) in the late Devonian to rates closer to 0 cm/yr at the end of the Permian (∼250 Ma), and during the Mesozoic-Cenozoic (250-0 Ma) generally cluster tightly around ∼1.1 cm/yr. Plate motions are best constrained over the past 130 Myr and calculations of global trench convergence rates over this period indicate median rates range between 3.2 cm/yr and 12.4 cm/yr with a present day median rate estimated at ∼5 cm/yr. For Paleozoic times (410-251 Ma) our model results in median convergence rates largely ∼5 cm/yr. Globally, ∼90% of subduction zones modelled in our reconstruction are determined to be in a convergent regime for the period of 120-0 Ma. Over the full span of the model, from 410 Ma to 0 Ma, ∼93% of subduction zones are calculated to be convergent, and at least 85% of subduction zones are converging for 97% of modelled times. Our changes improve global plate and trench kinematics since the late Paleozoic and our reconstructions of the lowermost mantle structure challenge the proposed fixity of lower mantle structures, suggesting that the eastern margin of the African LLSVP margin has moved by as much as ∼1450 km since late Permian times (260 Ma). The model of the plate-mantle system we present suggests that during the Permian Period, South China was proximal to the eastern margin of the African LLSVP and not the western margin of the Pacific LLSVP as previous thought.
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Introduction
Plate motion models that describe the kinematics of Earth's tectonic plates in a spatial and temporal context are utilised in studies of paleogeography (e.g. Scotese and Golonka, 1997; Blakey, 2011) , paleoclimate (e.g. Boucot et al., 2013) , reconstructions of past sea levels (e.g. Hays and Pitman, 1973; Müller et al., 2008) , mantle convection (e.g. Bunge et al., 1998; Zhang et al., 2010; Rudolph and Zhong, 2014; Flament et al., 2017a) and provide a framework for geophysical and geological data synthesis and analysis that help unravel the solid Earth's history. A new generation of models that reconstruct the continuous evolution of whole plates using continuously-evolving topological polygons has been developed . Such global tectonic reconstructions (Torsvik et al., 2010a; Seton et al., 2012; Müller et al., 2016) have mostly been developed for Mesozoic times. Recent advancements have, however, seen global reconstructions with continuously closing plates produced for late Paleozoic Matthews et al., 2016) and Neoproterozoic (Merdith et al., 2017) times.
Developing a global plate reconstruction model that extending back into the Paleozoic Period presents numerous challenges. Marine geophysical data (magnetic anomaly picks, fracture zones, extinct ridges, seamount trails and absolute sea floor ages from deep sea drilling) contribute a considerable component to the data assemblage used to constrain the motion of oceanic plates Müller et al., 2016) . Due to the continuous destruction of oceanic lithosphere through subduction, data constraining ocean basin evolution become increasingly sparse back in time. Plate models preceding Mesozoic times are ever more dependent on data including paleomagnetic constraints, palaeontology, sedimentology, and episodes of significant magmatism, metamorphism and orogenesis. In combination, these data can be used to constrain the spatial and temporal distribution of plates through geological time. Paleomagnetic data represent the primary constraint on the paleolatitude of continental blocks prior to the Mesozoic, but due to the symmetry of Earth's rotation axis and the position of the time averaged geomagnetic field, paleolongitudes remain elusive (Butler, 1998) .
An important feature of global plate motion models that incorporate closed plate polygons is the ability to extract a continuous description of plate velocities through time. Current published plate motion models for late Paleozoic times are characterised by large global plate speeds Matthews et al., 2016) . It is generally recognised that removing unrealistically large speeds of partly-or entirely-synthetic plates for Paleozoic times can improve the robustness of global plate reconstructions spanning these times. Furthermore, plate motion models analysed in terms of subduction zone kinematics suggested that Paleozoic trench migration rates are inconsistent with Cenozoic estimates (Williams et al., 2015) .
As modellers attempt to reconstruct Earth's plate configurations farther back in time, paleomagnetic data take on additional importance as other data become increasingly scarce. However, the difficulty in determining paleolongitude represents the fundamental limitation of paleomagnetic tectonic reconstructions. To supplement paleomagnetic constraints on plate motion in geological times, authors have sought to utilize the deep mantle structure as a reference frame for the surface movements of tectonic plates Torsvik et al., 2014) . Inherent in this workflow is the assumption that the structure of the lowermost mantle has remained unchanged since Paleozoic times, a hypothesis that has been questioned by numerical modelling (Bunge et al., 1998; Zhang et al., 2010; Tan et al., 2011; Bower et al., 2013; Hassan et al., 2015; Zhong and Rudolph, 2015; Flament et al., 2017a) . Anchoring past plate motions to the present-day mantle structure has implications for both relative and absolute plate velocities. Strict adherence to deep mantle constraints on the Devonian position of Laurussia Matthews et al., 2016) produces fast relative plate motions (w30 cm/yr) with respect to adjacent plates (Africa) and fast absolute speeds (>15 cm/yr) with respect to the spin axis for this plate. The absolute speed of Laurussia during the Devonian exceeds tectonic speed limits (w15 cm/yr) suggested for plates with large continental area (Zahirovic et al., 2015) .
Reducing global plate speeds was the principal objective of this study, which we achieved by using an alternative Paleozoic reference frame and refining the relative plate motion model. We qualitatively assessed our reconstruction by applying it as a surface boundary condition for geodynamic modelling and comparing the resulting reconstructions of Earth's lowermost mantle with vote maps for present day tomography models (Lekic et al., 2012) . Building upon the strong foundation provided by previous studies Matthews et al., 2016) we present a global plate model that spans from late Paleozoic times to the present day (410e0 Ma). We modify the late Paleozoic (410e251 Ma) behaviour of the synthetic Panthalassa Ocean plates, and implement alternative scenarios for the DevonianeCarboniferous closure of the Rheic Ocean and the amalgamation of eastern China at w200 Ma to reduce plate speeds over the interval. Using the new plate reconstruction as a surface boundary condition, we model mantle convection from 410 Ma to present-day and analyse the behaviour of lowermost mantle structures since late Permian times.
We have endeavoured to create a plate model that is consistent with key geological data, follows the principles of plate tectonics and satisfies geodynamic criteria including plate and subduction zone kinematics (Williams et al., 2015; Zahirovic et al., 2015) .
Geodynamic and geological motivations for plate motion models
Our work uses the late Paleozoic to present-day global plate model of Matthews et al. (2016) as a primary framework, which itself was constructed from two published models Müller et al., 2016) . In the reconstruction of Domeier and Torsvik (2014) , the motions of some continental blocks (e.g. Africa, Laurentia, South China) are defined directly with respect to the spin axis based on their own apparent polar wander paths. Alternatively, the plate model of Matthews et al. (2016) describes the motion of any given plate relative to an adjacent plate using a finite Euler rotation. In this way, all plates in the reconstruction of Matthews et al. (2016) move relative to the African continent, which is linked, via a true polar wander (TPW) correction , to Earth's spin axis. Africa is considered the top of the plate hierarchy because in post Pangea times it has undergone little longitudinal movement and has been surrounded by passive margins .
Our reconstruction was built using the software GPlates, and as with the input model, utilises a global plate hierarchy with Africa at its top. Therefore, the model we present is a relative plate motion model tied to Earth's spin axis via a reference frame describing Africa's motion relative to the spin axis. past can involve incorporating volcanic hot spot tracks (for the last w130 Ma) and paleomagnetic data to produce a hybrid reference frame . A key uncertainty associated with the paleomagnetic component (ages before w70 Ma) of the hybrid reference frame is the unconstrained nature of paleolongitude. Aiming to improve paleomagnetic reference frames in Paleozoic times, a number of studies have used the apparent correlation between the present-day margins of large low shear velocity provinces (LLSVPs) and the reconstructed eruption sites of large igneous provinces (LIPs) and kimberlites (Burke and Torsvik, 2004; Burke et al., 2008; Torsvik et al., 2010b Torsvik et al., , 2014 to constrain paleolongitudes. Such reference frames assume both that LLSVPs are stable and rigid, and that plumes arise from their edges. Alternatively, Mitchell et al. (2012) identified that the centres of successive supercontinents (corresponding to Earth's axis of minimum moment of inertia, I min ) since Nuna (w1.7 Ga; Hawkesworth et al., 2009 ) are offset by w90 . Mitchell et al. (2012) proposed fixed points for the determination of paleolongitude deep in geological time by tracing the trajectory of consecutive supercontinents centres with respect to the present-day I min .
Inherently, the paleomagnetic poles used to describe absolute plate motions record the signal of two sources of motion: motion of the plate relative to the spin axis and the rotation of the entire mantle relative to the spin axis. The latter is called true polar wander (TPW) and is caused by the spin of the Earth driving a redistribution of mass anomalies, such as supercontinents or large scale mantle density anomalies, which form as a result of plate tectonic processes (Evans, 2003) . In a stable state, Earth's largest moment of inertia is aligned to the spin axis, so that geoid highs are placed near the equator and geoid lows are at the poles (Steinberger and Torsvik, 2010) . When this is not the case, TPW occurs, rotating the mantle and plates as a single unit with respect to the core. TPW can be quantified by measuring the relative motion of hotspots to the paleomagnetic reference frame (Besse and Courtillot, 1991; Evans, 2003) assuming slow moving, deepmantle hotspots. For times before w130 Ma, an absence of welldefined hotspot tracks (Müller et al., 1993) precludes the calculation of TPW in this way and alternative methods for measuring preCretaceous TPW are required (Evans, 2003; Steinberger and Torsvik, 2008) . However, estimates of TPW produced by these methods are rather uncertain as they rely on continental Apparent Polar Wander (APW) paths in isolation and consequently make estimates of TPW without the knowledge of oceanic plate motion. Despite the relatively limited available data, authors have examined the pre-Cretaceous paleomagnetic record and there is consensus that TPW occurred in these times (Van der Voo, 1994; Kirschvink et al., 1997; Marcano et al., 1999; Meert, 1999; Evans, 2003) . Recently, advanced continental plate models have been used to investigate pre-Cretaceous TPW following the methods of Steinberger and Torsvik (2008) . Assumptions regarding the fixity of the I min axis about which TPW occurs result in very different reconstructions (Mitchell et al., 2012; Torsvik et al., 2014) . Torsvik et al. (2014) assumed that LLVPs are stable and fixed I min in its present-day position at 0 N, 11 E during Paleozoic times. Alternatively, Mitchell et al. (2012) proposed a model of supercontinent orthoversion and shifted the location of I min 90 from its presentday position to 0 N, 100 E in the earliest Paleozoic. Domeier and Torsvik (2014) implemented the reference frame and accompanying TPW correction of Torsvik et al. (2014) in their plate reconstruction, reducing global plate speeds and net rotation in Paleozoic times by only 4% on average compared to a non-TPW corrected reconstruction.
As the paleolongitude of continental blocks cannot be constrained in pre-Mesozoic times without making assumptions, we applied the purely paleomagnetic reference frame of Torsvik and Van der Voo (2002) . This paleomagnetic reference frame is the spherical spline apparent polar wander path (APWP) of Gondwana, derived from reliable paleopoles and calculated assuming a geocentric axial dipole field. Considering the uncertainties and assumptions implicit in distinguishing TPW from plate motions and the negligible impact it appears to have on global surface kinematics, we decided not to correct absolute plate motions for TPW.
2.2. Geological evidence of past relative plate motions 2.2.1. China
Modern China is a composite ensemble of tectonic blocks, most of which were separate from the major continental masses of Gondwana, Laurussia, and Siberia during Paleozoic times (McElhinny et al., 1981; Scotese, 2004; Golonka, 2007; Cocks and Torsvik, 2013; Domeier and Torsvik, 2014; Torsvik et al., 2014) . The North China Block (NCB) and the South China Block (SCB) represent two of the larger tectonic units in Eastern Asia, and are separated by the Qinling Orogenic belt ( Fig. 1) (McElhinny et al., 1981; Mattauer et al., 1985; Lerch et al., 1995; Xue et al., 1996; Zhang, 1999, 2000; Dong et al., 2011a; Wu and Zheng, 2013) . Within the Qinling Orogenic belt are three ophiolite zones and four main tectonic divisions, from north to south these are: the Southern North China Block (S-NCB), the Erlangping ophiolite zone, the North Qinling Belt (NQB), the Shangdan suture zone, the South Qinling Belt (SQB), the Mianlue suture zone, and the SCB (Fig. 1B) (Dong et al., 2011a) .
Historically, the prevailing tectonic model for the growth of the orogen was a simple model of collision between the NCB and the SCB, however, the timing of the collisional event has been disputed. Post-collisional granitoid plutonism, deformation and metamorphism in the northern part of the NQB led Xue et al. (1996) to propose the Erlangping ophiolite zone as the main suture zone between the NCB and the SCB in the Late Ordovician. Alternatively, the Shangdan suture zone has been advocated as the site of a long and complicated collision between the NCB and SCB that spans the Late Paleozoic; this is deduced from stratigraphic analysis of the Devonian section, and geochronology and geochemistry of intrusive magmatic rocks, ophiolite suites, granites, and volcanic and sedimentary rocks (Mattauer et al., 1985; Benren et al., 1994; Lerch et al., 1995; Zaiping and Qingren, 1995) . Also, a Mesozoic aged collision is supported by paleomagnetic data, paleobiogeography, stratigraphic data and geochronology of subduction-related intrusive volcanics (Sengor, 1985; Lin and Fuller, 1990; Huang and Opdyke, 1991; Yin and Nie, 1993) . In the following we review each of the three suture zones between NCB and SCB and clarify the role of each in the tectonic evolution of the Qinling Orogenic belt.
The Erlangping ophiolite zone (Fig. 1B) in the North of the Qinling belt consists of a mélange unit of pillow lavas and massive basalts interlayered with deep water Ordovician to Silurian radiolarian cherts (Benren et al., 1994; Meng and Zhang, 2000; Dong and Santosh, 2016) . The prevailing interpretation for the geodynamic affinity of the Erlangping volcanics, based on geochemical characteristics, is that these rocks formed in a back arc setting (Benren et al., 1994; Sun et al., 1996; Yan et al., 2007; Dong et al., 2011b) . Middle-Late Ordovician granites that cross cut the Erlangping mélange constrain the closure of the back arc and the mark terminal collision between the NQB with NCB.
Cambrian and Ordovician paleomagnetic data from sedimentary rocks in the NCB indicate that the block was located in the tropical zone (between 30 and 15 ) of the southern hemisphere during early Paleozoic times, which is consistent with sedimentary facies analysis (Zhenyu et al., 1998) . A late Ordovician paleomagnetic pole reconstructs the SCB to a similar position (Han et al., 2015a ).
The Shangdan suture zone (Fig. 1B) , which consists of an ophiolite mélange composed of mafic and ultra-mafic rocks and radiolarian cherts (Meng and Zhang, 2000; Dong et al., 2011a) , separates the NQB from the SQB and is commonly thought to represent the principal site of the collision and subduction events that preceded the consolidation of the NCB and the SCB (Mattauer et al., 1985; Guowei et al., 1989; Enkin et al., 1992; Meng and Zhang, 1999; Dong et al., 2011a; Li et al., 2015) . Subduction-related intrusive rocks in the Shangdan suture zone yield Silurian-early Devonian zircon ages, and indicate subduction during this time (Kröner et al., 1993; Lerch et al., 1995; Yan et al., 2008; Dong et al., 2011a Dong et al., , 2013 ).
An early Paleozoic sedimentary wedge, occasionally referred to as the Wuguan complex (Yan et al., 2016; Liao et al., 2017) , and the middle to late Devonian Liuling Group are located in the SQB to the south of the Shangdan suture zone (Fig. 1B) and record the subduction of Shangdan oceanic crust (Mattauer et al., 1985; Zaiping and Qingren, 1995; Dong et al., 2011a Dong et al., , 2011b Dong et al., , 2013 . The youngest age of detrital zircons from the meta-clastic rocks in the western Wuguan complex indicate deposition after 455 Ma, and magmatic zircons from a cross cutting dike are dated at w435 Ma, constraining deposition between these times (Dong et al., 2013) . The youngest age of detrital zircons in the eastern part of the wedge constrains time of sedimentation to after w420 Ma Yan et al., 2016) . A fore-arc basin setting has been suggested as the depositional environment for sedimentary rocks of the western Wuguan complex (Qingren et al., 1994; Zaiping and Qingren, 1995) and the uniform age spectrum of detrital zircons supports this model, as it indicates provenance of sediment is consistently from NQB island arc erosion (Dong et al., 2013) .
Fossil evidence and regional correlations suggest the Liuling Group (Fig. 1B) is of middle to late Devonian age (Yan et al., 2012) . A correlation between the Liuling Group and both the NQB and SQB is evidenced by analogous Cambrian-Devonian peaks in detrital zircon age spectra (Ratschbacher et al., 2003; Dong et al., 2013; Liao et al., 2017) , similar stratigraphic profiles (Meng and Zhang, 2000) , and sediment providence trends indicated by La/Th ratios (Benren et al., 1994; Gao et al., 1995) , suggesting closure of the Shangdan Ocean preceded the deposition of the Liuling Group in the middle Devonian. Interpretation of stratigraphic sections has led to the classification of the Liuling Group as a flysch unit (Ratschbacher et al., 2003) therefore, a foreland basin setting has been proposed as the depositional environment (Dong et al., 2013) . The north directed subduction of the Shangdan Ocean beneath the southern margin of the NQB is suggested by WNW-trending, sinistral transpressive wrench zones in Northern Qinling and wNeS shortening within the Liuling Group (Ratschbacher et al., 2003) as well as: the continuous deposition of middle Devonian to early Triassic successions in the SQB (Meng and Zhang, 2000) , the exhumation of the NQB, as suggested by amphibole geochronology (Dong and Santosh, 2016) , metamorphic zircon overgrowths obtained from the northernmost Liuling Group (Ratschbacher et al., 2003) , and widespread occurrence of subduction-related intrusive volcanic rocks in the NQB (Dong et al., 2011a) . Northward subduction of the Shangdan oceanic crust at the southern margin of the NQB resulted in the collision between the SQB and the NCB before the end of the Silurian. Paleomagnetic poles place the SCB to a position in the equatorial domain (w8 N) during the Silurian evolution of the Shangdan Ocean (Opdyke et al., 1987; Huang et al., 2000) .
The Mianlue suture (Fig. 1B) in the south of the SQB consists of broken ophiolite sequences containing ultramafic rocks, gabbros, oceanic tholeiites and radiolarian cherts Meng and Zhang, 1999; Dong and Santosh, 2016) . The discovery of the Mianlue suture led to a revision of the tectonic model for the development of the Qinling Orogenic belt, implying that it is a multiple-phase orogeny characterised by the subduction and collision of several plates at several suture zones Xue et al., 1996; Meng and Zhang, 1999; Ratschbacher et al., 2003; Lai et al., 2004; Xu et al., 2008; Dong et al., 2011a; Liao et al., 2017) .
Silurian continental rifting along the northern margin of the SCB, resulting in the opening of the Mianlue Ocean, is evidenced by extensive basalts of the Lanjiafan Group (Yunpeng et al., 1999) and supported by zircon geochronology from anorogenic A-type granitoids . The geochemical characteristics of the Mianlue ophiolite complex and its associated volcanics are consistent with oceanic crust (LREE depleted N-MORB) during Carboniferous through Permian times (Dong et al., 1999; Lai et al., 2004) . Triassic ages have been derived from whole rock SmeNd and RbeSr isochron dating of metavolcanic rocks from the Mianlue Ophiolite Zone and are interpreted to represent the metamorphic age of the rocks, thus providing an upper limit for the initiation of ocean basin closure . UePb zircon dating from igneous rocks within the Mianlue Ophiolite Zone suggest a 300 AE 61 Ma subduction event beneath the SQB (Li et al., 2004) . Orogenic granites in South Qinling yield zircon UePb ages that indicate Triassic collision between NCB and SCB (Sun et al., 2002; Qin et al., 2008) , an event that reactivated Devonian shear zones and caused north-south shortening by folding and thrusting throughout the Qinling belt (Ratschbacher et al., 2003) . High-Mg andesites and adakitic andesites recognised within the Mianlue Ophiolite Zone are characteristic of melts generated in an island arc setting , suggesting northward subduction of the Mianlue Ocean. Analysis of pre-Jurassic paleomagnetic poles from the NCB and SCB are significantly different, whereas post-Jurassic poles are indistinguishable, leading to the prevailing interpretation that the two blocks were joined by w170 Ma (Enkin et al., 1992; Gilder and Courtillot, 1997; Van der Voo et al., 2015) . Paleomagnetic data from the SCB show that it drifted progressively north though the late Paleozoic before colliding with the NCB in the Jurassic and amalgamating into Eurasia (Hanning et al., 1998; Han et al., 2015a) . Permian paleomagnetic poles place the both blocks in near equatorial positions, with the NCB at w10 N and the SCB at w2 N (McElhinny et al., 1981) . The Permo-Triassic history of the SCB is characterised by a period of rapid northward drift (Ma et al., 1993) . Paleomagnetic data show that the NCB underwent a slight northward motion accompanied by counter clockwise rotation during Jurassic times (Van der Voo et al., 2015) . In summary, age data from the Mianlue ophiolite and associated volcanics indicate that the Mianlue Ocean was initially opened during Silurian times, formed and expanded mainly during DevonianeCarboniferous times, and was closed by Jurassic times.
These data suggest that through the Devonian and Carboniferous, the Mianlue Ocean developed into a large, wide ocean separating the NCB-NQB-SQB collage from the SCB. Subduction of the Mianlue oceanic plate beneath the southern margin of the SQB began in early Permian times and continued until the SCB collided during the Jurassic Period. Coeval subduction on the northern margin of the NCB closed the Paleo-Asian Ocean (PAO) and joined Amuria to the NCB in the early Triassic , so that by earliest Jurassic times the SCB, NCB and Amuria had amalgamated and formed a single tectonic plate. During the Jurassic the Sino-Amuria plate and Siberia approached each other as the Monghol-Okosk Ocean was subducted beneath the eastern margin of Siberia and was sutured together during early Cretaceous times (Van der Voo et al., 2015) . Subduction beneath eastern Siberia is based on a structural analysis of the Central Asian Orogenic Belt (Lehmann et al., 2010) and supported by numerical modelling and seismic tomography (Fritzell et al., 2016) .
Tarim block
The Tarim block (TRM) (Fig. 1A ) rifted off Gondwana during late Ordovician-Silurian times (Zhao et al., 2014) and was probably a solitary continent throughout much of middle Paleozoic times, similar to the NCB and SCB. During this period, TRM experienced several important tectonic events, including continental collision with the Kunlun block ( Fig. 1A ) at its southern margin (Matte et al., 1996; Yang et al., 1996; Zhihong, 2004) and the Central Tianshan block (CTO) (Fig. 1A ) at its northern margin (Gao et al., 2011; Han et al., 2011; Wang et al., 2011) . Igneous rocks of middle Silurian to Devonian age found on the northern margin of TRM indicate subduction during this time (Ge et al., 2012; Zhao et al., 2015; Han et al., 2015b) . Reactivated ENE-trending thrust faults and wide erosional surfaces caused by uplift of the periphery of the Tarim Basin are further indications of convergence along the northern margin of TRM during middle Paleozoic times (He et al., 2016) .
At present, the South Tianshan Orogenic belt separates TRM from the Central Tianshan Block to the north (Fig. 1A ), but corresponding peaks in complied radiometric ages and similar Hf isotope signatures from magmatic rocks in these adjacent terranes suggest that during emplacement, these areas formed a broad magmatic arc along the northern margin of a united TRM/CTO before the opening of the Southern Tianshan Ocean Wang et al., 2011; Han et al., 2015b) . Zircon grains younger than w400 Ma are distinctively absent from Carboniferous strata in northern TRM, an observation that, in combination with a regional unconformity separating Silurian from early Devonian strata, and a coeval gap in magmatism, is interpreted to represent a shift from an active to passive margin during this period (Han et al., 2015b) .
Whole-rock geochemical data, zircon UePb ages and LueHf isotopes, and SreNd isotope composition of gabbros in the South Tiashan Orogenic (Fig. 1A ) belt indicate they were likely produced in a back-arc environment during Silurian times (Zhao et al., 2015) , and this extensional event separated the CTO from the TRM. Growth index calculations suggest late Silurianeearly Carboniferous ages for extensional structures interpreted on Tarim Basin seismic data; adding support to the back-arc model .
Back-arc spreading in the southern Tianshan Ocean is constrained to late Silurianemiddle Devonian times by zircon UePb ages for gabbro and biostratigraphic data from the Heiyingshan ophiolite mélange in the CTO . Abundant geochronological data from HP-LT rocks in the Tianshan metamorphic belt indicate that closure of the ocean occurred through late Devonian-Carboniferous times (Gao and Klemd, 2003; Klemd et al., 2005; Su et al., 2010; Wang et al., 2010) . A zircon UePb age of 285 Ma obtained from a dike that crosscuts the belt provides an upper age limit for collisional metamorphism, thus the amalgamation of the CTO and TRM must have been completed before the end of the Paleozoic Era (Gao et al., 2011) . The northern margin of the CTO remained active until the terrane collided with Kazakhstan-Yili during late Devonian-early Carboniferous times (Charvet et al., 2007 . Intense Carboniferous calc-alkaline magmatism in the CTO records the northward subduction of the Southern Tianshan oceanic lithosphere (Han et al., 2015b) .
The information discussed here stipulate a passive northern margin for the TRM craton during late Paleozoic times. During this period, back arc rifting opened the Southern Tianshan Ocean between the CTO and the northern margin of the TRM craton. The northern margin of the Central Tianshan was active from at least the late Silurian to Latest Devonian, and subduction at this margin closed the ocean basin separating this block from the KazakhstanYili terrane. After the amalgamation of CTO and the KazakhstanYili terrane, subduction of the Southern Tianshan Ocean commenced at the southern margin of the CTO. This margin was active until collision with TRM occurred during late Carboniferous times.
The Kunlun terrane ( Fig. 1A ) developed on the southern margin of TRM when an early Paleozoic arc was accreted during Ordovician times (Yuan, 1999) . Intense, widespread magmatism indicate that north-dipping subduction was continuous along this margin from late Ordovician until Carboniferous times (Yuan, 1999; Liu et al., 2005) . The early Carboniferous magmatic record of TRM is characterised by a cessation of igneous activity (Yuan, 1999; Yin and Harrison, 2000) and the widespread deposition of shallow marine carbonates and clastic sediments (Youngun and Hsü, 1994; Mattern et al., 1996; Yin and Harrison, 2000; Zhihong, 2004) . This information has led some authors to propose that a back-arc basin developed during this time (Mattern et al., 1996; Yin and Harrison, 2000; Zhihong, 2004) . Interestingly, geochemical analysis of lavas from the Kudi ophiolite belt in northwestern Kunlun fall exclusively in the volcanic arc field , and radiolarian bearing deposits in the upper part of the ophiolite sequence have early CarboniferousePermian ages (Mattern et al., 1996) . An early Carboniferous age for the ophiolite is supported by RbeSr isochron geochronology of basaltic rocks (Jiang, 1992; Mattern et al., 1996) , whereas other authors suggest Neoproterozoiceearly Paleozoic ages (Wanvming, 1995; Xiao et al., 2003) . In any case, indications are the southern margin of TRM was passive through much of late Paleozoic. Intense late Carboniferous folding and Permian magmatism in the central part of the Western Kunlun Mountains are interpreted to represent basin closure by southward subduction beneath Southern Kunlun .
Late Paleozoic paleomagnetic data for TRM are sparse, but paleomagnetic poles have been reported for: earlyemiddle Devonian times (Fang et al., 1996) , late Devonian times (Bai et al., 1987; Li et al., 1990) , late Carboniferous times (Bai et al., 1987; Dajun et al., 1998; Sun et al., 2014) and early Permian times (Bai et al., 1987; Sharps et al., 1989; Gilder et al., 1996) . These data indicate that through most of the Devonian Period TRM was located at mid-low latitudes in the northern hemisphere (w18 ). From late Devonian to late Carboniferous times the block experienced a significant northward drift to w25 N accompanied by a clockwise rotation. From late Carboniferous to Permian times the TRM poles become relatively stationary implying TRM did not experience considerable movement during this period, which is consistent with geochronological data (Gao et al., 2011) that suggest TRM and the CTO/KAZ were amalgamated during this time.
Laurussia and Gondwana
The Rheic Ocean, which separated Laurussia and Gondwana prior to the assembly of Pangea, represents one of the major Paleozoic ocean basins. Abundant lithostratigraphic, paleontological, paleomagnetic and geochronological data have led to a model in which the inception of the Rheic Ocean began with the rifting of the peri-Gondwana terranes Avalonia, Carolina and Ganderia from northern Gondwana in the late Cambrian-early Ordovician (Cocks and Torsvik, 2002; Hibbard et al., 2002; Murphy et al., 2006 Murphy et al., , 2010 Nance et al., 2010; van Staal et al., 2012; Weil et al., 2013) , and that its closure occurred during Devonian-Carboniferous times with the terminal collision between Laurussia and Gondwana during the Variscian-Alleghanian-Ouachita orogeny (Hibbard and Waldron, 2009; Murphy et al., 2010; Nance et al., 2010; Weil et al., 2013; Hopper et al., 2017) . As the ocean developed through the early Paleozoic Era, Laurussia and Gondwana became increasingly separated, however, their positions relative to each other remain largely unresolved. Numerous reconstructions, primarily based on paleomagnetic data, with contributions from palynology and lithofacies associations, place Laurussia in an equatorial-low southerly position north of the northwestern Gondwana margin during the Silurian and Devonian (Fig. 2) (McKerrow et al., 2000; Cocks and Torsvik, 2002; Lewandowski, 2003; Scotese, 2004; Veevers, 2004; Golonka, 2009) . In an alternative group of reconstructions, Laurussia is placed so that its eastern margin is facing the western margin of Gondwana, along present-day western South America ( Fig. 2) Torsvik et al., 2014; Domeier, 2016; Matthews et al., 2016) . These models reconstruct Laurussia to low southerly latitude over the eastern arm of the Pacific LLSVP based on a combination of paleomagnetic data and the occurrence of kimberlites in western Laurentia and northern Baltica. These reconstructions require Laurussia to undergo w8500 km of relative dextral transform motion at speeds of w30 cm/yr with respect to Gondwana to reach its position during final Pangea assembly . Dextral structures that indicating a couple of hundred kilometres displacement are well documented along the southeastern margin of Laurentia (Arthaud and Matte, 1977; Adams et al., 1994; Nance and Linnemann, 2008; Hibbard and Waldron, 2009; Murphy et al., 2011; Waldron et al., 2015) , and suggest a component of transcurrent convergence. However, the low-angle structure of the Appalachian/Alleghanian suture precludes extensive strike-slip motion accommodated on the fault zone, instead requiring a more orthogonal collision (Hopper et al., 2017) . The structure of the suture thus places an important kinematic constraint on the relative plate motions between Gondwana and Laurussia during their amalgamation and is incompatible with models that invoke extensive strike-slip motion. Based on this geologic constraint, and to reduce plate speeds, we reconstruct Laurussia to a position north of Gondwana and implement an alternative plate motion path for Laurentia (Fig. 2) to model a more orthogonal collision during closure of the Rheic Ocean.
Variscan orogeny
Early Devonian transpessive convergence of Armorica ( Fig. 3 ) with Laurussia is recorded by a strain event in the sedimentary rocks of SW Ireland (Meere and Mulchrone, 2006) , implied by lowgrade metamorphism of Silurian slate beds in England and Wales (Soper and Woodcock, 2003) , and interpreted to mark the beginning of the Variscan orogeny (Kroner and Romer, 2013) . Orogeny associated with the late Silurian-Devonian northward-directed subduction of the Rheic Ocean beneath Laurussia is evidenced by a rich collection of geological data spanning from the northern Appalachians to the eastern European Variscides (Murphy et al., 1999; Catalán et al., 2007; Kroner et al., 2007; Woodcock et al., 2007) . The subduction of the Rheic Ocean along the south Baltic Laurussian margin is implied by the late Silurian-early Devonian magmatic arc of the Mid-German Crystalline Zone (MGCZ) (Fig. 3) , which contains metasedimentary rocks with Gondwanan/ peri-Gondwanan sourced detrital zircon spectra in the south, and southwest Baltica-derived detrital zircon spectra from units in the north (Zeh and Gerdes, 2010) . The strata of the Rheno-Hercynian Basin (Fig. 3) , which: include clastic rocks sourced from the arc (Langenstrassen, 1983) and record a history of sedimentation spanning late Ordovician through early Carboniferous times (Dallmeyer et al., 2013) , are located to the north of the MGCZ. The formation of the Rheno-Hercynian basin in a back arc setting has been proposed (Floyd, 1982; Leeder, 1982; Kroner et al., 2007; Salamon and Königshof, 2010; Zeh and Gerdes, 2010) , a model in which the Lizard ophiolite, which has a mid-ocean ridge (MOR) like chemical signature (Floyd, 1995) , represents the development of sea floor spreading and the establishment of a narrow ocean . Compressive structural features mark the onset of basin closure in the early Devonian (Oncken, 1988) and have been linked to the beginning of the Variscan Orogeny (Zeh and Gerdes, 2010) . A late Devonian flip in subduction polarity, so that Laurussia was subducting beneath the Armorican margin of Gondwana, is indicated by the presence of early Carboniferous gabbros that are interpreted to have been generated as part of a magmatic arc (Altherr et al., 1999) as well as combined UePb and LueHf isotope analysis of detrital zircons (Zeh and Gerdes, 2010) from the MGCZ, and is coeval with closure of the Rheic Ocean Arenas et al., 2014) . The Beja Igneous Complex (BIC) (Pin et al., 2008) located in the southwestern most region of the Iberian peninsula separates the northern Ossa Morena Zone (OMZ) from the South Portuguese Zone (SPZ) to the south (Fig. 3) and has long been recognised as having an oceanic affinity and is often considered to be the continuation of the Rheic suture to the west of the MGCZ (CrespoBlanc and Orozco, 1991; Fonseca and Ribeiro, 1993; Castro et al., 1996; Pin et al., 2008; Pin and Rodríguez, 2009; Braid et al., 2011; Kroner and Romer, 2013) . The boundary zone features the scattered and discontinuous mafic/ultramafic rocks of the BejaAcebuches ophiolite/amphibole unit and middle-late Devonian mélange deposits in the Pulo do Lobo unit (Pin et al., 2008) . The designation of the BIC as the Rheic suture zone has been questioned by UePb zircon geochronology which indicated Mississippian ages for the unit, too young to be considered Rheic oceanic crust (Azor et al., 2008) . Instead, rocks of the Beja-Acebuches unit have been attributed to MOR spreading and the development of a narrow ocean between the OMZ and SPZ following the closure of the Rheic Ocean (Azor et al., 2008) . However, the geochemical and geochronological data that constitute the basis for this model have been challenged (Pin and Rodríguez, 2009) . Considering the characterisation of the BIC as a post-collisional magmatic event (Pin et al., 2008) , it has also been suggested that the Mississippian aged rocks of the Beja-Acebuches unit are not of oceanic origin but are instead related to the latter magmatic episode (Pin and Rodríguez, 2009 ). In any case, paleontological dating, structural mapping, and stratigraphic analysis of mélange blocks in the Pulo do Lobo unit (Fig. 3) clearly place the development of these deposits in a middleelate Devonian accretionary setting (Eden and Andrews, 1990; Eden, 1991) . Detrital zircon spectra from the Pulo do Lobo strata contain dominant Mesoproterozoic and late Paleoproterozoic populations that are characteristic of both Baltica and Laurentia. In contrast, the dominance of Neoproterozoic and Paleoproterozoic ages in zircon from the SPZ are typical of derivation from West Africa, supporting the model for Rheic Ocean suturing along the BIC (Braid et al., 2011) . Final suturing of the Rheic Ocean is indicated by the mixing of Gondwanan and Laurussian sources in BIC flysch deposits, implying juxtaposition of the SPZ and OMZ between 347 Ma and 330 Ma, the latter age indicating the maximum deposition of the flysch and emplacement of the Gil Márquez pluton that crosscuts the sedimentary deposits (Braid et al., 2011) . The Iberian portion of the Rheic suture records sinistral transpression (Quesada, 1997; Braid et al., 2010) , which is consistent with a component of dextral motion of Laurussia during collision, and is also reflected in the curvature of the suture zone. Compressional tectonics ended in the Laurussian Variscides at w300 Ma (Kroner et al., 2008) , although transpressional deformation continued in the Moroccan Variscides until w290 Ma (Feroni et al., 2010) .
South of the Rheic suture is a collage of tectonostratigraphic units including Iberia, Armorica, Saxo-Thuringia, Moldanubia and Perunica (Fig. 3) , which are collectively termed the Variscan Terranes . The geological history of the Variscan Terranes during Silurian and Devonian times is controversial. The characterisation of the units as individual or collective microplates (a plate tectonic term) or microcontinents (a paleogeographic term) and their paleoposition relative to Gondwana and Laurussia during the closure of the Rheic Ocean (Servais and Sintubin, 2009; Pastor-Galán et al., 2013) are both debated. Perunica and Armorica have been considered as both separate microcontinents on the basis of endemic faunal assemblages (Havlí cek et al., 1994; Fatka and Mergl, 2009) , and separate microplates, as suggested by paleomagnetic data for Perunica (Tait et al., 1994; Tait, 1999) that imply large scale rotation between the two blocks larger than expected in an intraplate setting (Tait, 1999) . However, the reliability of these paleomagnetic data are low (Robardet, 2003; Van der Voo, 2004) , the ages of magnetization present large uncertainties, and deformation during the Variscan orogeny precludes the paleomagnetic declinations required for large scale crustal rotation (Krs et al., 2001 ). Regardless of this debated point, paleomagnetic poles for Armorica (Tait, 1999) , Perunica (Krs, 1968; Tait et al., 1994; Pato cka et al., 2003) and Iberia ( Van der Voo, 1967; Tait et al., 2000) indicate that these terranes occupied the same latitudinal belt (w20 S) in close proximity to Gondwana during late Silurianeearly Devonian times, an arrangement supported by faunal assemblages (Paris, 1993; Cocks and Torsvik, 2002; Robardet, 2003; Torsvik and Cocks, 2004 ) and distributions of lithofacies (Robardet and Doré, 1988; Golonka, 2007 Golonka, , 2009 ). Zircon spectra found in NW Iberia (Pastor-Galán et al., 2013; Fernández-Suárez et al., 2014) , north Armorica (Miller et al., 2001; Samson et al., 2005 ) suggest a close relationship between these terranes and West African Gondwana. Similarly, detrital zircon UePb ages from Saxo-Thuringia indicate a consistent West African source for the entire period of Cambrian to early Carboniferous times, interpreted to reflect no difference in position between the two domains over this interval (Linnemann et al., 2004) . Nd isotopic analysis of Saxo-Thuringia sedimentary rocks indicates an absence of any significant contribution from a young mafic source from Cambrian-early Carboniferous times, precluding the formation of new oceanic crust between Gondwana and SaxoThuringia during this period (Linnemann et al., 2004) . Geochemical data from Paleozoic detrital rocks suggest that NW Iberia was a passive margin from Ordovician to late Devonian times, supplied with a stable source of sediment from Gondwana (Pastor-Galán et al., 2013) . Based on this evidence, we model the Variscan Terranes in permanent, close connection with Northwest Africa and a part of the Gondwana plate through the late Paleozoic (Fig. 4AeD) .
Western margin of Gondwana
Following the CambrianeOrdovician Famatinian orogen, the western (South American) margin of Gondwana is characterised by a late Paleozoic record lull in magmatism, metamorphism and deformation in southern Central Andes (Bahlburg and Hervé, 1997; Lucassen et al., 2000; Büttner et al., 2005; Bahlburg et al., 2009) , northern/Peruvian Andes (Chew et al., 2007; Cardona et al., 2009) and southern Andes (Fortey et al., 1992) , which has been interpreted to reflect the rifting off of a western part of the Arequipa-Antofalla terrane, an event that lasted w100 Myr until the late Carboniferous period (Fig. 4C and D) (Bahlburg and Hervé, 1997) .
Crystallization ages of Peruvian plutons demonstrated by zircon UePb dating (Mi skovi c et al., 2009) suggest that arc activity resumed during early Carboniferous times along the South American margin of Gondwana; it has continued uninterrupted to the present.
The location of the Patagonian terrane (Fig. 4) in the western Gondwana during the Paleozoic remains poorly understood. Its basement has traditionally been subdivided into two tectonic blocks, the Deseado Massif in the south and the Somún Cura/North Patagonian Massif in the north (Ramos, 2008; Pankhurst et al., 2014) . In southern Argentina, a late Paleozoic magmatic belt trending dominantly NWeWNW has been taken to represent a convergent margin along which the allochthonous/parautochthonous Patagonia terrane accreted to South American Gondwana during late Paleozoic times (Bahlburg and Hervé, 1997; Ramos, 2008) , a model supported by NEeSW trending compressional structures located to the north of the North Patagonian Massif (Von Gosen, 2003; Rapalini et al., 2010) . However, Cambrian granites (Pankhurst et al., 2014) , provenance analysis of detrital zircons (Augustsson et al., 2006) and Devonian paleomagnetic data (Rapalini, 2005) suggest that the Patagonia terrane has remained proximal to, if not part of, South America since early Paleozoic times (Pankhurst et al., 2003) . This alternative is reinforced by the lack of direct evidence of an ophiolitic belt between Gondwanan South America and the Patagonian terrane (Ramos, 2008) . While the autochthonous relationship of Patagonia to South America is debated, evidence in the form of magmatic, metamorphic and detrital zircon geochronology suggest that the Deseado and Somún Cura/North Patagonian Massifs were involved in the major NeoproterozoiceJurassic orogenic events of western Gondwana (Pankhurst et al., 2003; Ramos, 2008; Gregori et al., 2016) , precluding any reconstructions that model Patagonia as an exotic terrane (e.g. Domeier and Torsvik, 2014; Matthews et al., 2016) . Considering the complex and contentious history of Patagonia, we reconstructed its late Paleozoic position (Fig. 4AeF ) following a simplified model accounting for the main episodes of convergence during mid-Ordovician and late Paleozoic times, and Silurianelate Carboniferous rifting (Bahlburg and Hervé, 1997; Ramos, 2008) .
Overview of a new global tectonic reconstruction
Our plate model is based on the work of Matthews et al. (2016) , Domeier and Müller et al. (2016) but includes a number of regional updates (Section 2.2.) aimed at improving kinematics during late Paleozoic to Mesozoic times. In this section, we present and discuss the major tectonic events associated with our changes. The global tectonic reconstruction is shown in 20 Myr intervals in the paleomagnetic reference frame (Fig. 4 , see also Supplementary animation 1). For the descriptions that follow, all directions and orientations are expressed relative to the reconstructed model unless explicitly stated otherwise.
Supplementary animation related to this article can be found at https://doi.org/10.1016/j.gsf.2018.05.011.
Devonian Period (419e359 Ma)
Our reconstruction (Fig. 4) commences at 410 Ma during the early Devonian, shortly after the amalgamation of Laurentia, Baltica and Avalonia to form Laurussia. This time interval was characterised by the distribution of continental lithosphere into two large landmasses, Laurussia and Gondwana, and a number of smaller isolated continents. Laurussia and Gondwana were separated by the Rheic Ocean where MOR spreading was already underway when our model begins (Fig. 4A) . Subduction of Rheic oceanic lithosphere at the eastern active margin of Baltic Laurussia produced the Mid-German Crystalline Zone (MGCZ) magmatic arc (Fig. 4AeE) and induced back arc spreading east of the Avalonia terrane ( Fig. 4A and B) . Rifting in the back arc continued into middle Devonian times and ultimately developed into the Lizard Ocean basin. During this period, Laurussia drifted eastward toward its Pangea position at an average rate of w9 cm/yr (this study), thereby closing the Rheic Ocean. Subduction of the Rheic MOR and cessation of spreading in the Lizard Ocean at the onset of early Devonian times (Oncken, 1988) marked the end of active divergence in the region. According to our kinematic scenario, subduction in the southern Rheic Ocean continued along the eastern margin of Laurussia until middle Devonian times when the basin in this region closed and a period of continent-continent collision begun. The MGCZ arc accreted to the western Variscan margin at a similar time. Gondwana was in a dominantly south polar position during the Devonian Period, and incipient rifting at its northeastern margin opened the Paleo-Tethys Ocean (von Raumer and Stampfli, 2008) . To model the development of a passive margin setting along both the northeast and northwest margins of Gondwana in Devonian times we reconstructed spreading in the Rheic and Paleo-Tethys Oceans via a ridge-ridgeridge triple junction. Paleo-Tethys oceanic crust drifted northward and was subducted along the southern active margins of Siberia and Kazakhstan. East of the Paleo-Tethys, a mosaic of small plates were scattered in the realm of the Paleoasian Ocean. In this region subduction of the Paleo Tianshan Ocean at the western margin of Central Tianshan (CTO) triggered back-arc extension in the South Tianshan Ocean (STO) to the east. Rifting in the STO separated the CTO from Tarim (TRM) and continued throughout Devonian times (Fig. 4AeC) . The CTO drifted westward, closing the Paleo Tianshan Ocean and eventually colliding with Kazakhstan at the beginning of the Carboniferous (Fig. 4C and D) . Subduction along the eastern margin of TRM, which began in Ordovician times, continued through to the end of the Devonian (Fig. 4C and D) . Continental rifting along the northern margin of SCB commenced in Silurian times and opened the Mianlue Ocean basin where spreading continued uninterrupted throughout the Devonian (Fig. 4AeC) . At the Gondwana western margin, subduction, which was active from early Paleozoic times, was suspended in middle Devonian times, when all evidence of magmatism along the periphery of South America ceases at this time. This period of magmatic quiescence along the South American continental margin is modelled by the opening of a back-arc basin. As the magmatic arc retreats NW, a rift opens between the Arequipa-Antofalla and Patagonia terranes, and western Gondwana, where a passive margin is modelled (Fig. 4B,  D) . From the beginning of the model, the developing Panthalassa Ocean dominates the proto-Pacific realm. Subduction of this ocean occurred largely along the southern, eastern and western margins of Gondwana.
Carboniferous Period (359e299 Ma)
During latest Devonian times, along the western margin of the Variscan Terranes, the providence of detrital zircons within the MGCZ record a reversal of subduction polarity (Zeh and Gerdes, 2010) (Fig. 4C and D) . Convergence along this margin continued into Pennsylvanian times, then ceased at 319 Ma, by which time Pangea was fully amalgamated. During the middleelate Carboniferous times, the Gondwana plate underwent a pulse of northward motion as the African core of the supercontinent transitioned from a south polar position to a mid-low latitude (w40 ) position (Fig. 5) in the southern hemisphere Collins, 2003; Scotese, 2004; Golonka, 2007; Mitchell et al., 2012; Torsvik et al., 2014) . Subduction of the Paleo-Tethys Ocean along the Baltic margin of Laurussia persisted for the entirety of the Carboniferous. The collision of the CTO with Kazakhstan occurred at the end of the Devonian, coeval with cessation of spreading in the STO. Following the unification of the CTO and Kazakhstan, subduction initiated along the eastern margin of Kazakhstan plate, drawing TRM westward and closing the STO (Fig. 4DeF) . Subduction of the STO throughout the Carboniferous was contemporaneous with the evolution of the Kazakhstania orocline and the consolidation of Kazakhstan and Siberia into Pangea. Towards the end of the Carboniferous the amalgamation of TRM and Pangea marks the terminal closure of the STO. Following collision with Kazakhstan, late Carboniferous paleomagnetic data from TRM imply a phase of northward drift. To accommodate this motion, a major sinistral strike-slip event must have occurred in the region. Deformation features consistent with a sinistral tectonic activity are found in the Tianshan Orogen, and although late Paleozoic ages are anticipated, no definitive geochronological data are available to constrain the age of the deformation (Laurent- Charvet et al., 2002 Charvet et al., , 2003 . The end of the Devonian marks a shift from a convergent to divergent regime at the TRM eastern boundary. Long-lasting subduction at the margin initiated back-arc extension in the Kunlun terrane, and the resulting basin expanded the basin during Carboniferous times ( Fig. 4D and E). The start of basin closure in the latest Carboniferous was coeval with the onset of subduction along the western margin of South Kunlun. Along the western Gondwana plate boundary, back-arc extension ceased in the Mississippian as the passive margin collapsed and subduction resumed along the proto-Andean margin. With the closing of the Arequipa-Antofalla basin in late Carboniferous times ( Fig. 4D and E ), Patagonia amalgamated with the rest of Pangea. Following the accretion of Patagonia, subduction along the western margin of the Patagonia plate resumed.
Permian Period (299e252 Ma)
After drifting north during Carboniferous times, Pangea underwent a period of relative stability as the core of its landmass settled at low southerly latitudes (w40 ) during early Permian times (Fig. 5 ). Convergence at both the western and eastern active margins of South Kunlun continued in the early Permian Yuan, 1999; Liu et al., 2005) . In the mid-Permian we model a kinematic scenario in which the eastern Kunlun margin evolved into a transform boundary. The change in kinematics at this margin coincided with a significant plate reorganisation due to the subduction of the Paleotethys Paleo-Tethys MOR and cessation of spreading in the Mianlue Ocean (Fig. 4H) . Subduction at the western margin of South Kunlun persisted throughout Permian times, gradually closing the basin that had opened outboard eastern TRM in the Carboniferous Period. The southern margin of NCB, which faced the slow spreading Mianlue Ocean, was passive through most of late Paleozoic times. During mid-Permian times, the passive margin collapsed (which is one of the proposed modes of subduction initiation; Stern, 2004) , and closure of the Mianlue ocean basin commenced by north directed subduction beneath the NCB (Fig. 4H) . The subduction of the Paleo-Tethys MOR (275 Ma), was coeval with the opening of the Neotethys ocean and the subsequent detachment of the Cimmerian terranes from the ArabiaIndia-Australia margin of eastern Pangea . The PAO was a large ocean that existed in the SinoSiberian region for most of late Paleozoic times. The terminal closure of the PAO by double-vergent subduction at the southern margin of Amuria and the northern margin of NCB occurred near the end of Permian times (Chen et al., 2000 (Chen et al., , 2009 and consolidated these two terranes into a united Mongol-Okhotsk (MOO) plate (Fig. 4I) . In the early Permian Period, the eastern passive margin of Annamia failed and developed into an active subduction zone (Fig. 4G ). Convergence at this boundary closed the Song Ma basin separating the SCB from Annamia, and the two units collided during the late Permian-early Triassic to form an amalgamated unit . We modelled the timing of this collisional event differently to Matthews et al. (2016) , who initiated closure of the ocean basin at 279 Ma, with SCB and Annamia joining at 244 Ma. We initiated basin closure at 300 Ma, and preferred an end Permian terminal collision at 250 Ma, as allowing extra time for the Song Ma basin to close avoids unreasonably large plate speeds while remaining consistent with timing estimates.
Subduction along the western margin of Annamia gave rise to the short-lived Jinghonh-Nan-Sra Kaeo basin that developed behind the Sukhothai Arc during latest Carboniferous-late Permian times (Sone and Metcalfe, 2008) . Back-arc rifting detached the Sukhothai Arc from the Annamia plate, so we modelled the latter as an independent unit beginning in earliest Permian times. The eastern margin of Sukhothai and the western margin of Annamia were passive during early Permian times as the Jinghonh-Nan-Sra Kaeo basin developed. During middle Permian times, the eastern passive margin of Sukhothai failed and west directed subduction developed at the boundary, initiating basin closure. From middle to late Permian times Pangea underwent a period of northward drift (Fig. 5) , accompanied by a minor counter clockwise rotation, so that by the end of the Paleozoic Era the African core was in an equatorial position.
Mesozoic Era (252e130 Ma)
Our global reconstruction transitions between Paleozoic and Mesozoic reference frames during early Triassic times, causing Pangea to drift to the southwest (Fig. 5) . East directed subduction of the Jinghonh-Nan-Sra Kaeo basin crust beneath Sukhothai continued during early Triassic times (Fig. 4I) . By middle Triassic times this basin was wholly consumed and the Sukhothai terrane collided with Annamia (Singharajwarapan and Berry, 2000) , integrating into the SCB. Continuous subduction of the Mianlue Ocean occurred along the southern active margin of the NCB throughout Triassic times, leading to the continental collision between the NCB and the SCB at the end of the period (200 Ma). After 200 Ma the MOO plate, now composed of all the major Sino-Siberian terranes, was pulled towards the northeastern Siberia active margin of Pangea. The Mongol-Okhotsk Ocean, which separated Siberia from northern Amuria throughout Paleozoic times and much of Mesozoic times, was continuously subducted at this plate boundary until the early Carboniferous. By this time the ocean basin had been fully consumed, and northern Amuria collided with Siberia ( Van der Voo et al., 2015) to form the Eurasian plate. After the complete subduction of the Mongol-Okhotsk Ocean at 130 Ma the relative plate motions in our reconstruction are predominantly equivalent to those of Matthews et al. (2016) , with the exception of the minor adjustments discussed in section 4.4.
Reconstruction analysis and discussion
It has become common practice to quantify global plate speeds produced by reconstruction models Zhang et al., 2010; Domeier and Torsvik, 2014; Domeier, 2016; Zahirovic et al., 2015; Matthews et al., 2016; Müller et al., 2016; Merdith et al., 2017) . Beyond providing a standardised means to compare and validate global plate reconstruction models, plate speeds constitute a critical consideration when plate motion models are incorporated as boundary conditions of mantle flow models. Modelling studies suggest that plate speeds positively correlate with lithospheric net rotation (Alisic et al., 2012) , which subsequently affects the predicted lower mantle structure produced by geodynamic modelling (Rudolph and Zhong, 2014) . Cognizant of the impact plate speeds have on geodynamic models, we were motivated to create a model in which Paleozoic plate kinematics were more aligned with estimates for more geologically recent times.
To analyse plate speeds in our reconstruction, we extracted time dependent plate velocities from which root mean square (RMS) speeds were computed following the methods of Zahirovic et al. (2015) . Over the modelled period, the magnitude of global plate speeds has been greatly reduced in our reconstruction (Fig. 6 ). Average plate speeds calculated for our model are larger in the Paleozoic (410e251 Ma) compared to the MesozoiceCenozoic (250e0 Ma): w8 cm/yr and w6 cm/yr, respectively. Overall, our reconstruction results in plate speeds that are generally >6 cm/yr, and increase back in time, reaching maximums of w12 cm/yr during the late Carboniferous (w320 Ma). After the breakup of Gondwana w100 Ma, there is a significant decrease in speed, and the profile trends distinctly down, reaching a minimum of w4 cm/yr at w40 Ma. From w25 Ma global plate speeds plateau at w5 cm/yr.
Reference frame and true polar wander
The reference frame implemented in Matthews et al. (2016) , hereafter referred to as M16, is a hybrid model that combines a moving hotspot frame from 70e0 Ma with two paleomagnetic frames, one from 230 Ma to 100 Ma and the other from 410 Ma to 250 Ma . Due to the uncertainty constraining paleolongitude in pre-Mesozoic times (Section 2.1), we implemented an alternative reference frame of Torsvik and Van der Voo (2002) (TV02) for Paleozoic times (410e251 Ma).
M16 implemented, via the African plate circuit, the TPW corrected paleomagnetic frame of Torsvik et al. (2014) (T14) . Alternatively, our reconstruction uses the uncorrected paleomagnetic frame of TV02 and, similarly, links it to the spin axis via Africa. Both models are implemented in African coordinates, so comparing the velocities of the African plate through the late Paleozoic makes it possible to quantify the rate of motion given by the different reference frame in models (T14 and TV02). African plate speeds during the period of 410e251 Ma ranging between w1 cm/yr and w14 cm/yr in both of the models, however, they are w12% less on average for TV02.
The reduction in African plate speed led us to adopt reference frame TV02 in our reconstruction. However, contrary to expectations, applying the paleomagnetic reference frame TV02 to the relative plate motion model of M16 increased global plate speeds (by w7% on average between 410 Ma and 251 Ma), particularly over the interval from 370 Ma to 320 Ma ( Fig. 6A and B, red and orange curves). This increase in plate speeds is due to the relative plate motion (RPM) model of M16. In M16, during the Carboniferous, Laurussia is reconstructed to a position near the Gondwana western margin ( Fig. 1; Section 2.2.3 ). To reach its position during final Pangea assembly, Laurussia is required to undergo significant transform motion with respect to Gondwana, at relative plate speeds in excess of 30 cm/yr in Carboniferous times. Over the same period, the reference frame used in M16 describes a significant, w60 counter clockwise, rotation of Africa, whereas the reference frame of TV02 specifies only w1 of clockwise rotation. The large clockwise rotation that describes the relative motion Laurussia with respect to Gondwana in M16 is balanced by counter clockwise rotation defined by the reference frame so that the absolute velocity of Laurussia during the Carboniferous is between 10 cm/yr and 20 cm/yr. Conversely, the Carboniferous motion of Gondwana given by reference frame TV02 does not oppose the Laurussia motion, thereby exposing the unreasonably high relative plate speeds, which manifest as an overall increase (w7%) in global RMS plate speeds (Fig. 6A and B, red and orange lines) .
Isolating the continental component of plate motion (Fig. 6C and D, green and red lines), reveals that average continental RMS plate speeds for the Paleozoic (410e251 Ma) are w7 cm/yr in our reconstruction and w9 cm/yr in M16. The continent-only RMS plate speeds are useful to evaluate the effect of implementing the paleomagnetic TV02 reference frame. The profile for our plate reconstruction is characterised by a Carboniferous (340e300 Ma) peak, a Permian trough (300e280 Ma) and a Permian (280e260 Ma) peak all of which can be related to the choice of reference frame. Because our model is organised as a relative plate motion model with Africa at the base of the hierarchy, any motion of Africa propagates along the plate circuit. In this way peaks and troughs described by the TV02 reference frame (implemented through the African plate) are amplified on all the plates that move with Africa. Indeed, large RMS continental plate speeds in the Carboniferous and Permian Periods are consistent with accelerations in the Gondwana APWP as described by the reference frames used in both this study and M16 (Torsvik and Van der Voo, 2002; Torsvik et al., 2014) , however, the Permian trough is unique to TV02.
Continental RMS plate speeds are w1 cm/yr in our reconstruction and w9 cm/yr in M16 for early Permian times (300e280 Ma). Notably, this discrepancy is not related to the paleolatitudinal component of plate motion, that is well constrained by paleomagnetic data, but by the paleolongitudinal component. The paleolatitudes of a point (presently at 8 S, 28 E) on the African plate are similar at 300 Ma; 45.6 S and 45.4 S, and at 280 Ma; 43.8 S and 40.3 S between the reference frame of TV02 and M16 respectively (Fig. 5) , reflecting very little north-south motion during these times and a consistent implementation of Gondwana paleomagnetic poles. Conversely, between 300 Ma and 280 Ma the reference frame TV02 results in w1 of WeE motion of Gondwana while during the same interval the reference frame of M16 invokes w17 of WeE Gondwana motion (Fig. 5) to adhere to LLSVP constraints . In the reference frame of M16, negligible north-south motion of Gondwana during the early Permian is compensated by significant west-east motion, so during this interval continental RMS plate speeds do not significantly deviate from background (Fig. 6) . Paleolongitudes are unconstrained in reference frame TV02, resulting in minimal palaeolongitudinal motion of Gondwana in our reconstruction (Fig. 5) . Between 300 Ma and 280 Ma, when the north-south drift of Gondwana decelerates, reference frame TV02 does not assume any longitudinal motion of the plate, resulting in an early Permian standstill which manifests as a distinctive drop in continental RMS plate speeds (Fig. 6 ).
Panthalassa
Oceanic lithosphere is recycled into the mantle as it is consumed at subduction zones. The complete recycling of the oceanic lithosphere within Earth's mantle may occur over w200e250 Myr (Butterworth et al., 2014) , making it difficult to reconstruct global tectonic configurations before the Mesozoic. Due to the subduction of most ancient oceanic lithosphere, oceanic realms that existed during late Paleozoic need to be represented by synthetic plates. Three major ocean basins are represented in reconstructions of late Paleozoic times: the Rheic, Paleo-Tethys and Panthalassa oceans Scotese, 2004; Golonka, 2009; Domeier and Torsvik, 2014; Torsvik et al., 2014; Matthews et al., 2016) , combining to cover majority of Earth's surface. The largest of the oceans is Panthalassa and, because of its significant size, the kinematics of the topological plates that make up the ocean can have a dominating effect on global plate speeds, as can be seen by isolating continental speeds (Fig. 6 ). In the model that underpins our reconstruction , the motions of the Panthalassan plates are tied, via plate motion chains, to a triple junction that is subsequently linked to the base of the mantle via a TPW correction. This triple junction has a complex motion path described by stage poles at 10 Myr intervals from 410 Ma to 250 Ma. Periods of large global plate speeds can be explicitly linked to the different phases of rotation in the motion path of Panthalassa triple junction (PTJ) (orange versus blue profiles, Fig. 6A and B) . To minimise the influence that the largely unconstrained kinematics of oceanic plates have on global RMS speeds, we smoothed the PTJ path by removing intermediate stage poles between 410 Ma and 250 Ma, allowing motion to be linearly interpolated between these times. This decreased global time-averaged RMS speeds in the Paleozoic from 11.8 cm/yr to 11 cm/yr, a reduction of w6% (Fig. 6A  and B) .
Smoothing the motion path of the PTJ reduced overall global plate speeds, however, a period between 370 Ma and 310 Ma remains marked by larger RMS plate speeds (Fig. 6A and B) that can be traced to rapid eastward drift of Laurussia and a counter clockwise rotation of Gondwana during the closure of the Rheic Ocean. During these times, western Laurussia and southeastern Gondwana were bounded by subduction zones Matthews et al., 2016) , so, to uphold plate tectonic principles and ensure convergence along these margins the speeds of Panthalassan plates are required to increase. Our reconstruction, in which we have implemented alternative models for Western Gondwana (Section 2.2.5.) and the closure of the Rheic Ocean (Section 2.2.3.), reduced continental RMS plate speeds during late Devonian-Carboniferous times (Fig. 6C and D) , resulting in a reduced speed of Panthalassan oceanic plates. As previously mentioned, the destruction of the oceanic lithosphere necessitates that global plate reconstructions develop synthetic motions for oceanic plates, therefore, we find it reasonable to fit the motions of these synthetic plates to the comparatively well constrained kinematics of continental plates.
Global plate kinematics
Our reconstruction results in reduced Paleozoic plate speeds through the simplification of the kinematic model for the Panthalassa Ocean and implementation of an alternative model for the closure of the Rheic Ocean (Sections 2.2.3 and 2.2.4.). Despite these changes, a period of high global RMS speeds persists from w350 Ma to 300 Ma (Fig. 6) . The source of this Carboniferous peak can be traced to the paleomagnetic reference frame TV02 that we chose for the Paleozoic component of our reconstruction. As mentioned in the previous section, during Carboniferous times, Gondwana rapidly (w12 cm/yr) drifted north from a south polar position to a mid-low southern latitude (Fig. 5 ). This motion, dictated by the reference frame, affected all plates.
In their study of MesozoiceCenozoic tectonic speed limits, Zahirovic et al. (2015) suggested that plates with a significant portion of continental and/or cratonic area exceeding RMS speeds of w15 cm/yr for more w10 Myr may represent reconstruction artefacts. While the Carboniferous plate speeds of Gondwana approach without surpassing the aforementioned thresholds, it is unlikely that a continental plate composed almost entirely of ancient continental lithosphere and bounded by rifted margins and subduction zones (subduction zones do not pull the overriding plate but adjacent plates), would move so fast for such a prolonged period of time. Perhaps plate speeds were high during the Carboniferous because of TPW or, as proposed by Zahirovic et al. (2015) , greater RMS speeds in the past may be a surface manifestation of more vigorous mantle convection; however, this effect is expected to be small over the last 300 Ma, since the solid Earth currently cools down at a rate between 53 K/Gyr and 190 K/Gyr (Jaupart et al., 2007) . Another possibility for faster plate speeds is that Gondwana moved toward a mantle downwelling generated by a period of extensive subduction. An accumulation of cold material in the mantle would generate a localised cold spot and thereby create the necessary buoyancy for velocities to increase by 10 cm/yr or more (Gurnis and Torsvik, 1994) . Throughout much of Devonian and early Carboniferous times, Laurussia was located at equatorial positions and contemporaneous subduction of Panthalassic and Rheic oceanic lithosphere occurred along the western and eastern margins of the continental block, respectively (Fig. 4AeE) . This long-lived subduction of cold, dense oceanic lithosphere into the mantle via convergence along the periphery of Laurussia would have created a pile of cold material over which a dynamic topographic low would have formed. A significant rise in regional relative sea level would have occurred as the continent settled over the dynamic topographic low, after the peak in its rate of motion. Although w3500m of topographic relief (Fluteau et al., 2001 ) might have been generated by the Carboniferous Alleghanian-Variscan orogenic events (precluding the complete inundation of Laurussia), paleogeographic maps (Golonka, 2007) indicated that Laurussia did experience a period of marine sedimentation between 350 Ma and 300 Ma, providing support to this concept. Alternatively, an acceleration of the Gondwana plate between 350 Ma and 300 Ma may be an artefact of increased data uncertainty, since paleomagnetic data coverage of Gondwana is poor to non-existent for the Carboniferous Period (Torsvik and Van der Voo, 2002).
Subduction zone kinematics
Because our global reconstruction incorporates closed plate polygons and provides a continuous description of plate boundaries and velocities, we are able to calculate global characteristics of subduction zone kinematics through time. In particular, we focused on convergence orthogonal to subduction zones and subduction zone migration rates (Fig. 7A and B) , and use these metrics to further evaluate the plate motion model. We followed the workflow of Williams et al. (2015) to extract subduction zone segments from the reconstruction at 1 Myr intervals and resampled them at regularly spaced intervals of 1 arc degree. The rate of convergence and velocity of migration of subduction zones was then calculated for each point, using the local orientation of the subduction zone and the plate kinematics. Subduction zone migration rate is defined as the portion of absolute subduction zone velocity that is orthogonal to the subduction zone line segment. The subduction zone convergence rate is the orthogonal component of the velocity difference between the overriding plate and the subducting plate. We used the global plate model of M16 as a benchmark against which to interpret the results of our analysis. This reconstruction was selected as it covers the same temporal range as ours work, allowing us to make a continuous comparison.
Global median trench migration rates for both our reconstruction and M16 over the past 410 Myr are calculated and compared (Fig. 7A) . For the extent of the modelled interval, the median value of trench motion remains closely distributed (standard deviation s ¼ 0.82 cm/yr) around w1 cm/yr, indicating a preference towards trench retreat. During the Paleozoic component of the model (410e251 Ma), the global standard deviation of trench migration is large before w250 Ma, indicating that some trenches migrate fast, while it is low after w250 Ma, indicating a more consistent behaviour of trenches. The two populations (advancing and retreating trenches) evident in the Paleozoic median migration rate data reflect a global kinematic adjustment to supercontinent assembly. Overall, median trench migration rates during the MesozoiceCenozoic cluster tightly around w1.1 cm/yr, excluding the period from w120 Ma to 100 Ma during which Gondwana was in a mature stage of dispersal. During this event, global trench migration rates peaked at w3.8 cm/yr. Characteristic of the data presented in Fig. 7A is the variability of migration rates in Paleozoic times. From 250 Ma to 0 Ma trench migration rates are contained within AE12 cm/yr whereas, from 410 Ma to 251 Ma the error envelope for migration rates ranges within AE18 cm/yr. This distinction could be representative of the uncertainty associated with reconstructing plate motions in pre-Mesozoic times, as controls on plate motions are increasingly poorly constrained back in geological time due to an absence of robust surface data, such as seafloor spreading anomalies and hotspot trails (Müller et al., 1993) . Alternatively, it is possible that the large variation in subduction zone migration rates during the late Paleozoic is not a model artefact, but is instead an expression of supercontinent assembly, as the closing of large interior oceanic basins may have forced periods of rapid trench motion.
A noticeable feature of the subduction zone migration analysis is the relatively narrow error envelope of our reconstruction for the period from 300 Ma to 275 Ma. During this time, although median rates of migration are approximately the same in both models, M16 is characterised by more variable rates of trench migration (Fig. 7A) . We attribute this contrast to the different reference frames used in the reconstructions. The reference frame implemented in M16 is that of Domeier and Torsvik (2014) , which imposes a major (w15 ), dominantly eastward, drift of the lithosphere during early Permian times (Fig. 5) . This motion corresponds to a marked increase in the global RMS plate speeds (Fig. 6) . Meanwhile, the contemporaneous rotation in our model prescribes a sluggish northeastward drift (Fig. 5) , manifest in the RMS speeds as a prominent trough (Fig. 6) . A similar instance of distinctive difference between the trench migration error envelopes occurs during early Triassic times (Fig. 7A) . However, in this case subduction zone migration rates are greater for our reconstruction. The time interval from 250 Ma to 230 Ma is a period in which both models transition from Paleozoic to Mesozoic reference frames. The 250 Ma Gondwana paleomagnetic pole calculated by Torsvik and Van der Voo (2002) is located south east (present day orientation) of the coeval pole of Domeier and Torsvik (2014) , so that when these paleopoles are used to constrain the Triassic position of Gondwana the former reference frame reconstructs the continent to higher latitudes compared to the latter (Fig. 5) . We followed M16 and implement the reference frame of Domeier et al. (2012) after 230 Ma. This required shifting southern Africa (the top of the plate hierarchy) from its position at 250 Ma to its position at 230 Ma. This shift is larger in our reconstruction compared to M16, resulting in augmented plate velocity and subduction zone migration rates for 250e230 Ma (Figs. 6 and 7) .
Our model includes alternative reconstructions for the closure of the Rheic Ocean (Sections 2.2.3 and 2.2.4.), and the Paleozoic evolution of China (Section 2.2.1.). These changes impact subduction zone migration rates calculated between w370 Ma and 340 Ma for the two studies, to the effect that subduction zone retreat is the dominant regime in our model, whereas subduction zone advance dominates M16 (Fig. 7) . Two subduction zones in M16 have particularly rapid trench migration rates (>10 cm/yr), and therefore have a strong influence on global trench speeds include the Kunlun-Qinling subduction zone that bounds the southern margin of North China and Tarim, and the Paleo-Tethys intra-oceanic arc.
Adopting the reconstruction of Domeier and Torsvik (2014) , M16 implemented north-dipping subduction of the Shandang Ocean beneath the Kunlun-Qinling active margin during late Devonian and Carboniferous times. Cessation of subduction at this margin corresponded with the collision between the Qinling unit and North China at 320 Ma . The kinematics driving this collision also resulted in advancement of the Proto-Japan subduction zone outboard of eastern South China. We implemented an alternative scenario in which the NCB and Qinling collision occurred in late Silurian times, prior to the start of our reconstruction. In our reconstruction, for most of late Paleozoic times the southern margin of North China was passive, facing the Mianlue Ocean, and it only became active in late Permian times when the margin collapsed and subduction commenced (Fig. 4AeH) . The rotations we applied to satisfy the spreading history in the Mianlue Ocean resulted in the Proto-Japan subduction zone retreating during the Paleozoic.
The other major instance of subduction zone advance during late Paleozoic times begins in M16 at 369 Ma, when a lengthy intraoceanic subduction zone forms in the Paleo-Tethys Ocean. This long subduction zone spans the length of the Paleo-Tethys Ocean from northwest Gondwana to southern Kazakhstan (w12,000 km) and represents the eastern and southern boundary of the large Western Paleo-Tethys oceanic plate. From late Devonianeearly Carboniferous times the Paleo-Tethys intra-oceanic subduction zone advanced rapidly westward with the western Paleo-Tethys plate to subduct at the east Variscan and southeast Baltic margins . We modelled the Variscan margin facing the western Paleo-Tethys Ocean as passive in late Devonianeearly Carboniferous (Fig. 4AeE) times following Golonka (2007) , precluding convergence at this margin.
Aligning Paleozoic subduction zone migration trends with Cenozoic estimates was a key motivation of our study, and to this end, we focused our attention on the closing of the Rheic Ocean and the Variscan Orogeny as well as the Paleozoic evolution of China. While we were able to reduce episodes of dominant subduction zone advance, overall, larger rates of subduction zone migration persisted during late Paleozoic times (Fig. 7A) , precluding favourable comparisons with Cenozoic times. The absolute positions of reconstructed subduction zones (Fig. 8) give a spatial and temporal indication of trench mobility. Paleozoic subduction zones are more stable in our reconstruction compared to M16 (Fig. 8A and B) , which is a reflection of how each study treats the present-day Matthews et al. (2016) . C, D. Reconstructed subduction locations from this study. The black contour represents a value of one and grey contour a value of five in vote maps for present day tomography models (Lekic et al., 2012) . structure of LLSVPs as a constraint on plate motion. We note that while subduction zones are mostly directed away from present-day LLSVPs inferred from tomography for the period of 250e0 Ma (Fig. 8A, C) , there is significant overlap between subduction zones and present-day LLSVPs for the period of 410e250 Ma (Fig. 8B, D) . Overall, the Paleozoic subduction history appears difficult to reconcile with the hypothesis of fixed and rigid LLSVPs (Torsvik et al., 2010b) .
For the period 70e0 Ma, we implemented the modified relative plate motion model of Müller et al. (2016) and the moving hotspot reference frame of Torsvik et al. (2008) . Various components of the Müller et al. (2016) model were adjusted for the period of 83e55 Ma and these changes are detailed below. Here, we make some first order observations about the subduction zone convergence rates implied by our reconstruction. The results for the Cenozoic Era are best constrained, however, this time period is relatively short. Extending our investigation back to 120 Ma in the Early Cretaceous provides an opportunity to evaluate subduction zone dynamics since the breakup of Gondwana while simultaneously retaining a relatively low level of geological and geophysical uncertainty.
The global median convergence rate drastically decreased after peaking during the breakup of Gondwana and plateaued at w5 cm/ yr in Cenozoic times (Fig. 7B) . Over the past 130 Myr, 90% of global median convergence rate is between 3.5 cm/yr and 11.7 cm/yr, with a full range between 3.2 cm/yr and 12.4 cm/yr. For recent times (w70e0 Ma), global median convergence rates cluster about w4 cm/yr. Both our reconstruction and M16 are within these ranges during Paleozoic times. Globally, our model calculates that median convergence rates are largely w6 cm/yr (standard deviation s ¼ 1.85 cm/yr) in Paleozoic times. During the breakup of Gondwana between w155 Ma and 100 Ma, median global convergence rates peaked, reaching rates in excess of 12 cm/yr.
The convergence rate is defined as the orthogonal component of relative velocity between the overriding plate and the subducting plate. Therefore, any point on the line segment with negative convergence is representive of a divergent system, indicating an inconsistency within the model. About 93% of subduction zones are converging for our reconstruction and the interval 410e0 Ma (Fig. 7C) . Counterintuitively, this metric drops to w91% for the interval 130e0 Ma (Fig. 7C) , which possibly reflects the increasing complexity of the reconstruction for younger ages. The Mesozoic and Cenozoic eras are characterised by a larger number of plates that have been implemented to capture regional complexities. However, with increased spatial resolution comes greater opportunity for inconsistencies to be recognised. The component of global subduction zone segments not in a convergent regime is represented temporally in Fig. 7C . We note that >85% of global subduction zones are convergent for 97% of times for our reconstruction during 410e0 Ma, with departures occurring at w400 Ma, w220 Ma, w80 Ma and w50 Ma. These transient departures involve isolated subduction zone segments and are probably not indicative of wholesale problems with the reconstruction.
Convergence at subduction zones is most problematic at 82 Ma in M16 (Fig. 7C) . The low fraction of converging subduction zones from 82 Ma to 77 Ma is a reflection of several issues spread out through space over a short-term interval. We modified the relative plate motion model of Müller et al. (2016) to improve the percentage of global converging subduction zones by 15% for this interval (Fig. 7C) . We endeavoured to limit our changes to oceanic plates and boundaries, as these features are least constrained. Our changes, which are presented graphically in the supplementary material ( Supplementary Fig. 1 (Fig. 7C) .
Geodynamic implications
To further gauge our reconstruction, we compared the presentday geometry of thermal structures in the lowermost mantle predicted by forward global mantle flow models to the location of LLSVPs from tomography models. In geodynamic models constrained by global plate reconstructions, the lower mantle structure is shaped by subducting slabs (Rudolph and Zhong, 2014) . When these cold, dense slabs sink into the deep Earth, they deform the structure of the hot lowermost mantle, here assumed to be initially laterally uniform. Such flow models allow us to explore the role of tectonic configurations in shaping the structure of the deep mantle back to Paleozoic times.
Reconstructing mantle flow since the early Paleozoic Era
We use the mantle convection code CitcomS (Zhong et al., 2008) , modified to assimilate tectonic reconstructions with continuously closing plates in one million year increments. The model consists of 129 Â 129 Â 65 Â 12 z 13 million nodes which, with a radial mesh refinement, gives average resolutions of w50 km Â 50 km Â 15 km at the surface, w28 km Â 28 km Â 27 km at the CMB, and w40 km Â 40 km Â 100 km in the mid-mantle. The initial condition at 410 Ma consists of an adiabatic temperature profile between two thermal boundary layers. The basal layer is initially laterally uniform (225 km thick) and includes a 113-km thick layer (2% volume of Earth's mantle; Hernlund and Houser, 2008) of material 4.24% denser than ambient mantle. Slabs are initially inserted to 1200 km in depth, with an angle of 45 down to 425 km in depth, and vertically between 425 km and 1200 km in depth. Slabs are initially twice as thick in the lower mantle than in the upper mantle to account for advective thickening (Ricard et al., 1993) . In subsequent steps, the thermal structure of slabs is assimilated down to 350 km in depth, and subduction zones that appear during the model run are progressively inserted into the mantle. The model is entirely dynamic below 350 km in depth.
The vigour of convection is defined by the Rayleigh number , where h 0 ðrÞ is the reference viscosity for four layers: it is equal to 2 Â 10 19 Pa s above 160 km, to 2 Â 10 18 Pa s between 160 km and 310 km in depth, to 2 Â 10 19 Pa s between 310 km and 660 km in depth and to 2 Â 10 20 Pa s below 660 km in depth, in the lower mantle. C is the composition field, and h c is the compositional viscosity pre-factor equal to 10 in the subcontinental asthenosphere, in order to offset the lower viscosity in that layer to couple the continental lithosphere with the deep mantle and reduce the net rotation induced to the lower mantle (Rudolph and Zhong, 2014) . r is the radius, R C ¼ 3504 km is the radius of the core and R 0 ¼ 6371 km is the radius of the Earth. E h ¼ 258 kJ mol À1 is the activation energy, Z h ¼ 1:9 Â 10 À6 m 3 / mol is the activation volume, R ¼ 8.31 J mol À1 K À1 is the universal gas constant, T is the dimensional temperature, T off ¼ 452K is a temperature offset and T CMB is the temperature at the core-mantle boundary. The activation energy and temperature offset are chosen to obtain variations in viscosity over three orders of magnitude across the range of temperatures without imposing a yield stress. Horizontal averages of presentday mantle temperature and viscosity are shown in Fig. 9 . We consider two model cases: Case 1 based on the global tectonic reconstruction of Matthews et al. (2016) , and Case 2 based on the global tectonic reconstruction presented in this study.
Predicted evolution of lower mantle structures
We first verify that the predicted present-day CMB heat flow (4.3 TW for Case 1; 5.5 TW for Case 2) and surface heat flow (40.4 TW for Case 1; 41 TW for Case 2) are consistent with constraints (Jaupart et al., 2007) . As in Flament et al. (2017a) , we next use cluster analysis to quantify the match between the predicted present-day location of model lowermost thermochemical structures and the location of LLSVPs inferred from seven S-wave tomography models: SAW24B16 (Mégnin and Romanowicz, 2000) , HMSL-S (Hernlund and Houser, 2008) , S362ANI (Kustowski et al., 2008) , GyPSuM-S (Simmons et al., 2010) , S40RTS (Ritsema et al., 2011) , Savani (Auer et al., 2014) , SEMUCB-WM1 (French and Romanowicz, 2014) . We find that Case 1 reproduces the structure of the lower mantle as imaged by these seven tomography models with average accuracy of 0.60, and Case 2 with average accuracy of 0.66. The accuracy for which both cases reconstruct the structure of the lowermost mantle is less than that of reconstructions from flow models constrained to the past 230 Myr (Flament et al., 2017a) . The reduced accuracy could be a reflection of the longer tectonic history and/or less well constrained plate motions in the Paleozoic used as boundary condition in Cases 1 and 2.
We then use the predicted thermal and compositional fields w200 km above the core mantle boundary (Zhong and Rudolph, 2015; Flament et al., 2017a) as an indicator of the location of model lowermost thermochemical structures (Fig. 10 ) in comparison to the present-day tomography vote map of Lekic et al. (2012) . The present-day spatial extent of the thermal and composition fields predicted by both model cases are in first-order agreement with the position and geometry of the African LLSVP and the Perm Anomaly from the tomography vote map (Fig. 10) . However, we note that the western part of the Pacific LLSVP is not predicted well by either Case (Fig. 10) , where a cold structure is predicted instead. That cold structure is linked to late Paleozoic subduction at the margins of Tarim and North China (Fig. 4AeE) . In addition, Case 1 predicts a cold structure around the middle of the African LLSVP that is not suggested by tomography (Fig. 10C ). This cold structure, which formed before 260 Ma (Fig. 10A) , is due to intra-oceanic subduction at the northern margin of the Variscan assemblage in the early stages of M16 (Fig. 8B) . That subduction zone does not exist in our reconstruction (Fig. 8D) . Our reconstruction of the present-day lower mantle thermal structure is characterised by a homogenous, large wavelength, hot anomaly in the region of the African LLSVP. In the flow model, this feature develops from late Permian times (259 Ma) to the present as subduction along the western margin of the proto-Pacific causes mantle downwelling and introduces cold material into the mantle, displacing hotter material and moving the structure west. The outline of the basal thermochemical structures can be defined either using the composition or the temperature field (Fig. 10) . We note that the Figure 9 . Horizontally averaged present-day mantle temperature (A) and viscosity (B) for Case 2.
Pacific thermo-chemical pile is compositionally less than 190 km high at 260 Ma in Case 2, which is consistent with the relatively weak temperature anomaly (Fig. 10D) , and different to the Pacific thermo-chemical pile predicted at 260 Ma by Case 1 that uses on the plate reconstruction of M16.
We sampled three locations along the eastern margin and two locations along the western margin of the African thermochemical structure and traced the motion of these points from 260 to present day (Fig. 10) . Results for Case 1 suggest that the eastern margin of the African LLSVP has drifted w1700 km west at an average rate of w0.65 cm/yr and the western margin has moved west w190 km at an average rate of w0.07 cm/yr since late Permian times. Case 2 results suggest the eastern margin of the African LLSVP has drifted w1500 km west at an average rate of w0.58 cm/yr and the western margin has moved west w870 km at an average rate of w0.33 cm/yr since late Permian times. In both Cases, most of the motion occurred along the eastern margin of the African LLSVP over the last 130 Myr (average rates for Case 1 eastern margin: 260e130 Ma, w0.31 cm/yr; 130e0 Ma, w1 cm/yr and western margin: 260e130 Ma, w0.25 cm/yr; 130e0 Ma, w0.1 cm/yr, and average rates for Case 2 eastern margin: 260e130 Ma, w0.18 cm/yr; 130e0 Ma, w1.27 cm/yr and western margin: 260e130 Ma, w0.4 cm/yr; 130e0 Ma, w0.26 cm/yr) (Fig. 10) . Minor movement along the western margin of the African LLSVP in Case 1 is associated with the model for the closure of the southern Rheic Ocean implemented in the plate reconstruction of M16. Closure of the ocean involves a series of subduction zones (Fig. 8A) along the margins of eastern Laurentia and western Gondwana Figure 10 . Mantle temperature anomalies at 2677 km depth predicted by mantle flow models driven by M16 (Case1, AeC) and this study (Case 2, DeF). The brown contours indicate 50% concentration of dense material. The green contour represents a value of five in vote map for tomography models (Lekic et al., 2012) . Reconstructed locations of present day coastlines are in black with the South China block show in magenta. Reconstructed subduction zone locations are shown as grey lines with triangles on the overriding plate. Trace points at the eastern and western margins and their motion paths are shown in 130 Myr intervals (Case 1, red and Case 2, green).
during Devonian times. This results in significant material sinking into the mantle beneath western Gondwana during the late Paleozoic, which pushes the western margin of the African LLSVP east, so that by late Permian times a cold mantle anomaly exists between the western margin of the LLSVP and the west Pangea convergent margin (Fig. 10A ). This cold mantle anomaly then reduces the influence of the western Pangea subduction zone on the geometry and position of the western margin of the African LLSVP that remains stable (Fig. 10B and C) . Alternatively, in Case 2 based on the reconstruction in this study, closure of the Rheic Ocean was dominated by subduction at the eastern margin of Laurentia (Fig. 4AeD) . This results in less subduction reaching the lowermost mantle along the western margin of Pangea (Fig. 10A) . In this scenario, the western margin of the African LLSVP is in close proximity to the west Pangea convergent margin during late Permian times, where the introduction of subducted material pushes the southern part of the African LLSVP east by w1500 km over the last 260 Myr.
The results from Case 1 and Case 2 suggest that lowermost mantle structures could be mobile rather than fixed, which is overall consistent with the findings of Zhong and Rudolph (2015) , who concluded from kinematically-driven models that the African LLSVP is unlikely to have been stable since early Paleozoic times, and that the presently dominant degree-two structure was established before 200 Ma (Fig. 10) . The predicted mobility of the eastern margin of the African LLSVP is consistent with SKSeSKKS splitting measurements that reveal anisotropy with a fast EeW direction in the lowermost mantle just outside the eastern boundary of the African LLSVP (Lynner and Long, 2014) . The presented models, in which the basal layer thickens and becomes hotter over time (Fig. 10) , are known to depend on initial conditions, physical parameters and tectonic reconstructions used as boundary conditions (Zhong and Rudolph, 2015; Flament et al., 2017b) . A full model sensitivity study is beyond the scope of this study and will be the object of a separate study.
The plate motions for South China implemented in our model reconstruct the block to a location w35 farther west of the coeval position of M16 in late Permian times. The reconstructed position of the SCB in M16 is dependent on the interpretation that South China should be at the western margin of the Pacific LLSVP during the 260 Ma eruption of the Emeishan LIP . To satisfy this interpretation and prevent overlap with the Cimmerian terranes at 250 Ma, while simultaneously preventing rapid subduction zone advance at the eastern margin of the SCB/western margin of Panthalassa, M16 implemented the opening of an intermediate, model dependent back arc basin. Between 260 Ma and 250 Ma, the SCB moves at up to w40 cm/yr, that is tectonically unreasonable (Zahirovic et al., 2015) . Geodynamic models constrained by the M16 plate motions show that the late Permian reconstructed position of the SCB is not reconstructed directly above a plume generation zone at the margin of either deep model thermochemical structure (Fig. 10) . Conversely, flow models constrained by our tectonic reconstruction show that at w260 Ma the SCB is positioned above the eastern margin of the model African deep thermochemical structure.
Conclusions
The global plate reconstruction model that builds upon and extends the pioneering models was presented by Domeier and Torsvik (2014) and Matthews et al. (2016) . We have implemented regional improvements to the relative plate motion model and an alternative absolute plate motion model to reduce global RMS plate speeds compared to M16. New regional models are implemented for the late Paleozoic closure of the Rheic Ocean and the tectonic evolution of the Qinling Orogenic Belt in China. Our model does not strictly follow theoretical models (Mitchell et al., 2012; Torsvik et al., 2014) to constrain the reconstructed longitudinal positions of Paleozoic plates. The new reconstruction produces Paleozoic plate RMS speeds (w8 cm/yr) that compare favourably to Mesozoic-Cenozoic rates (w6 cm/yr).
We analysed the global model for trends in subduction zone convergence and migration rate through time, demonstrating improvements in subduction zone kinematics throughout the considered period compared to the reconstruction of Matthews et al. (2016) . In our reconstruction, median global convergence rates over the past 410 Myr peaked at w13 cm/yr during the breakup of Gondwana and have plateaued to rates of w5 cm/yr over the past 100 Myr. In the Paleozoic component of our model, median convergence rates are tightly distributed around w5 cm/yr, consistent with recent times. We calculate that over the modelled interval (410e251 Ma) w93% of reconstructed subduction zones are in a convergent regime. The fraction of reconstructed subduction zones where convergence is not occurring are isolated trench segments. Globally, over the span of the model median rates of trench migration are largely clustered around w1 cm/yr with median speeds trending to w2.5 cm/yr in the late Devonian. In the reconstructions, subduction zones are more mobile in PreCarboniferous times than at other times, which may be characteristic of super continent assembly or, alternatively, could reflect increasingly poorly constrained plate motions in time.
Using our reconstruction as a time-dependent surface boundary condition for mantle convection modelling, we compared the predicted present-day thermal structure of the lower mantle to vote maps of tomography models and established a correlation between the two. Our model predicts a present-day structure at the CBM that is in first order agreement with the geometry of African LLSVP and Perm Anomaly from tomography vote maps. Geodynamic models driven by plate kinematics provide another means with which to gauge the geodynamic implications of global tectonic reconstructions. The significant motion of lower mantle thermochemical piles since late Permian times predicted by our models suggests that deep mantle structures are mobile and deformable, as opposed to fixed and rigid.
